Abstract: Using a time-gated dual quadrature spectral interferometry technique, for the first time we demonstrate single-shot characterization of both spectral amplitude and phase of ~1THz bandwidth optical arbitrary waveforms generated from a 10 GHz frequency comb. Our measurements provide a temporal resolution of 1ps over a record length of 100ps. Singleshot characterization becomes particularly relevant when waveform synthesis operations are updated at the repetition rate of the comb allowing creation of potentially infinite record length waveforms. We first demonstrate unambiguous single shot retrieval using rapidly updating waveforms. We then perform additional single-shot measurements of static user-defined waveforms generated via line-by-line pulse shaping.
Introduction
Recently there has been significant activity in optical arbitrary waveform generation (OAWG) in which the amplitude and phase of individual lines of relatively high repetition rate frequency combs are controlled [1] [2] [3] [4] [5] [6] . In the time domain, this leads to generation of wide temporal window (up to 100% duty factor) waveforms repeating at the repetition rate of the comb. A schematic of this is shown in the spectral and temporal domains in Figs. 1(a) and 1(b). Also, depending on the total available bandwidth, the temporal features can be made very fine, allowing as a whole, generation of very high complexity optical waveforms. However we can envision an even more interesting regime of operation. By changing the pulse-shaping function at the repetition rate of the comb, potentially infinite record length waveforms with arbitrary temporal resolution can be generated. In this case every successive pulse of the pulse train constituting the frequency comb has a different shape as schematically shown in Fig. 1(c) . Such waveforms can significantly benefit areas such as optical communications where one can envision simultaneous encoding in coherent formats of all channels of a dense wavelength division multiplexing (DWDM) system simultaneously; in ranging applications like coherent light detection and ranging (coherent LIDAR) [7] , allowing long range and high resolution simultaneously, or in applications in spectroscopy and coherent control [8] . For utilization of such waveforms, simultaneous to development of generation capabilities, it is also necessary to have suitable waveform characterization apparata. Also, the waveform measurement apparatus by itself will be useful for spectroscopic applications or as detectors similar in essence to streak cameras. Transient behavior accompanying rapid update of waveforms can also be studied [9] .
Measuring such waveforms is demanding for several reasons. Firstly, owing to the lineby-line shaped nature of such waveforms, abrupt phase and amplitude changes can occur from line-to-line requiring high spectral resolution together with the ability to handle wide spectral bandwidths. Conventional ultrafast measurement methods which work very well for wide bandwidth (short pulses) with smoothly varying spectra and phase do not work well in this regime [10] [11] [12] . Secondly, because of the availability of only a single frame per measurement, very high sensitivity is necessary. Due to high repetition rates of the sources used, for a given average power, there is significantly less energy per pulse (for a 10GHz source, the energy per pulse is 100dB less than the average power) increasing the sensitivity requirement for a single-shot measurement. Thirdly, since acquisition times (limited by available cameras) are significantly slower than the repetition rate of the source, a high quality time-gating system is necessary to select the waveform frame of interest and suppress all the other frames with sufficient fidelity that they do not affect the measurement.
Previously, we adapted a zero-delay version of spectral interferometry to measure line-byline shaped waveforms using average low power [13] (examples of other efforts for similar characterization applications can be seen in [3] , [14] - [15] ). Here we build on our previous work to demonstrate for the first time single-shot amplitude and phase characterization of waveforms with ~1 THz of bandwidth from a 10 GHz frequency comb. Along with the need for sufficient sensitivity, in our case of a high repetition rate signal, true single-shot operation also requires a high-quality time gating system to select a single waveform frame. In our experiments we implement both the high extinction time gating system and an apparatus to create test waveforms which are updated at the repetition rate of the source. The latter is necessary to fully probe the capability of the time gating system. In contrast, in the case of static waveforms, suboptimal gating which does not sufficiently extinguish power from other waveform periods will not significantly affect the measurement since different waveform periods are identical.
Finally, it is important to contrast this technique with time domain based techniques [16] [17] [18] and repetitive sampling techniques [19] . Although time domain methods for single shot waveform capture have been demonstrated, these techniques acquire only the temporal intensity profile and do not provide phase information. Sampling techniques can be used to measure repetitive waveforms or to acquire eye diagrams or signal constellations for modulated data in telecommunication systems. However, single rare events cannot be captured via sampling approaches and require single shot waveform characterization. In our experiment we achieve complete characterization of both spectral amplitude and phase in a single-shot. We believe that this constitutes a significant advance to the suite of optical arbitrary waveform measurement techniques that have been vigorously investigated in recent work.
Experimental setup
Spectral interferometry [20] is a well known pulse characterization technique which measures an unknown signal waveform with respect to a characterized reference pulse by looking at the spectrally resolved interference between them. Owing to its linear nature, it adapts well to low power applications. The fact that it is not a self-referenced technique, and needs a well characterized reference pulse is not a significant limitation since a short pulse used as reference can be characterized by other well established self referenced techniques (see [21] for example). However, in conventional implementations of spectral interferometry, in order to unambiguously retrieve the phase information from one component of the interference signal (either in phase or quadrature), a large delay is necessary between the signal pulse and the reference pulse. This leads to very high demands on spectral resolution (many times more than the spectral features in the signal waveform) particularly for optical arbitrary waveforms which already have fine spectral content. In order to minimize spectral resolution requirements, we adapt a version of spectral interferometry called dual-quadrature spectral interferometry which uses polarization demultiplexing to measure the complete interference signal (both in-phase and quadrature) allowing zero-delay operation and hence minimizing spectral resolution requirements. (For another zero-delay method using a two dimensional geometry, see [22] ). Figure 2 shows the dual-quadrature spectral interferometry setup. The signal to be measured is linearly polarized at a 45 deg angle while the reference is circularly polarized. These two beams are combined followed by a high resolution spectrometer consisting of a 10X beam expander, a 1100line/mm grating, and an InGaAs IR camera [Andor, 23] . The pixel dimension of the camera in the dispersion direction is 25microns, and there are 512 pixels. The spectrometer resolution is 5 GHz per pixel which gives a line-to-line spacing of 2 pixels on the camera (corresponding to the frequency comb spacing of 10 GHz). The spectrometer simultaneously measures the interferograms in both polarizations (corresponding to the in-phase and quadrature terms) by mapping them to different physical locations on the camera. This is very important for single shot operation since only one waveform period is available per measurement. For both channels the measured spectrometer crosstalk between adjacent comb lines is ~5%. For each of the polarizations, an input bandwidth of 1THz spreads across 200 pixels on the camera. This leaves some freedom to increase the measurement bandwidth (temporal resolution) if necessary. A point to note here is that there is no fundamental limitation on how much signal bandwidth can be handled. By choosing a camera with more pixels, the temporal resolution can be significantly increased depending on the requirements of the application. We retrieve waveform information unambiguously from a single frame of camera data with 1.4µs integration time, which defines our data acquisition time. A mathematical description and retrieval information is discussed in [13] .
Before we go further we will briefly describe the source used in our experiments. A detailed account can be found in [24] . The frequency comb source we use is generated by sending a continuous wave (CW) laser through a strongly driven phase modulator followed by an intensity modulator. At this point, though a frequency comb is generated, the temporal envelope is still wide owing to phase variations between different lines. This is corrected using a line-by-line pulse shaper generating bandwidth limited pulses of ~2.5 ps duration (usable bandwidth of ~300GHz). The bandwidth limited nature of the pulse is supported by a close match between the simulated autocorrelation assuming flat spectral phase and the measured autocorrelation [24] . This has also been independently verified with self-referenced spectral shearing interferometry [15] . In some of our experiments, these pulses are then spectrally broadened and compressed using a soliton based dispersion decreasing fiber which generates ~500 fs pulses. The desired bandwidth (~1 THz in these experiments) is selected using a simple pulse shaper based filter. A fraction of the power is used as the reference pulse; the remaining power is used for signal waveform synthesis. The bandwidth limited nature of the reference pulse is again tested by comparing its autocorrelation with the simulated autocorrelation assuming flat spectral phase. This allows us to take the phase of the reference pulse as flat, with the result that the retrieved phase from the spectral interferometry should correspond reasonably closely to the true phase of the signal waveform.
The integration time of our camera is 1.4 µs while the repetition rate of the comb corresponds to 100 ps. When the waveforms are updated rapidly, to make a high quality measurement it becomes necessary to sufficiently suppress all other waveform periods in the integration window other than the period of interest. Figure 3(a) shows a cartoon depicting this. The extinction requirement is dictated by the integration time of the available camera technology. Since the factor between the integration time and a single waveform frame (i.e., the comb period) is a factor of 14000 (or ~42dB) in our experiments, even if 1/14000 of the power leaks through during every waveform period, it will still integrate up to reduce the contrast between the waveform to be measured and the leakage to ~1. Since a high contrast is desirable to make clean measurements we achieve this by using a cascaded dual intensity modulator scheme (Fig. 3(b) ). Here we first use a high extinction ratio modulator (>45dB extinction) followed by a conventional telecommunications modulator with >20dB extinction. The series extinction ratio is >65 dB, which corresponds to a signal to leakage contrast of >100. Both the intensity modulators are driven by an Agilent 13.5Gbps BERT based pattern generator which produces a '1' for 100ps (limited by rise and fall times) [25] and '0's for the remaining part of the 1.4µs window. We note that in our cascaded modulator scheme, the second telecommunications modulator not only provides the extra 20 dB of extinction but also cleans up the rising and falling edges of the gating window. Figure 3(c) shows the spectrum of a single pulse gated from a 10 GHz frequency comb. The spectrum is taken through an OSA with a resolution of 1.25GHz. What was initially a spectrum made of sharp discrete lines spaced by 10 GHz is now a smooth spectrum with no sign of residual discrete line structure. This is one signature of high quality single pulse gating.
Ideally, if the acquisition time of the camera (which gives the response time of the spectrometer) is the same as the repetition rate of the comb, we would have a continuous time acquisition system without the need for gating (the simple retrieval algorithm from the interferogram data allows us to assume the computation also to be real time). Such a system can measure potentially infinite record length waveforms without any dead spacing. Current camera technology though is still far away from the GHz class acquisition times necessary. However, if required by the application, it is possible to increase the record length per acquisition. Since this depends on the resolution of the spectrometer, by using high resolution spectral dispersers like the virtually imaged phase array (VIPA) [26] [27] [28] 6 ] possibly in conjunction with other dispersers (to obtain simultaneous high resolution -broad bandwidth operation) sub GHz resolution can be obtained, which in turn corresponds to temporal record lengths of >1ns. Temporal demultiplexing can be used to further increase the record lengths. We expect that in future, any candidate for continuous operation would probably involve all these aspects simultaneously to push towards its objective. The longer record lengths per acquisition afforded by the higher spectral resolution and temporal demultiplexing allows for relatively slower cameras to be used in the spectrometer. With respect to the choice of waveforms for measurement, an OAWG encoder which can generate arbitrary waveforms over a large number of spectral lines and update them at the repetition rate of the comb would be ideal. However, until such technology is available, other simple schemes can be used to generate adequate test waveforms. Some desirable attributes are: (i) abrupt or sharp variations of amplitude and phase in the spectral domain (since ours is a spectral domain based technique), and (ii) fast update since we saw previously that a true single shot operation can only be verified with dynamic waveforms. Our scheme to achieve this is shown in Fig. 4(a) . An input 10GHz pulse train is split into two arms; in one arm an intensity modulator removes every alternate pulse. The relative heights of the pulses can also be controlled using attenuators present in each arm. These pulses are then combined with a delay to form a quasi-dynamic signal. Figure 4(b) shows the sampling scope trace taken using a 60 GHz photodiode showing alternate periods of single pulses and pulse pairs. Though in the time domain they look relatively simple, in the frequency domain these waveforms have rapid amplitude fringes characteristic of two temporally separated pulses interfering with each other and a linear spectral phase with abrupt 0-π jumps whenever the amplitude of the interference signal changes sign. Another motivation to choose such a waveform pattern is that, when we retrieve the single pulse waveform, if the gating is not ideal, leakage from adjacent periods is expected to show up as a small satellite pulse at the position of the 2 nd pulse of the pulse pair waveform. Absence of this can be interpreted as sign of high qualtiy single waveform gating. Figures 4(c) and 4(d) respectively show sampling scope traces taken of a pulse pair and of a single pulse waveform when the gating is switched on. By varying the delay of the gating pattern from the pattern generator, different waveform frames can be selected. The gated waveforms are amplified using an erbium doped fiber amplifier (EDFA) prior to measurement. In addition to dynamic waveform measurements confirming true single shot operation as described above, we have also performed experiments where the dynamic pulse pair generator is replaced with a static line-by-line pulse shaper [2] (Fig. 4(a) bottom part) . In this case we can program the pulse shaper to generate more complex text waveforms which are still measured in single-shot operation but without waveform update. Since waveform update is more a test of the gating system than of the spectral interferometry setup, once the gating system is verified we are free to measure more complex waveforms in static situations. Figure 5 shows the experimental results for dynamic waveforms. Figure 5(a) shows the measured spectral amplitude and phase for a gated single pulse. The phase is relatively flat as expected for a bandwidth limited pulse. As expected the retrieved spectrum resembles the spectrum for the gated pulse as shown in Fig. 3(c) (but flipped because it is plotted in frequency). The spectrum is relatively noisy and this we believe is due to amplified spontaneous emission (ASE) noise added by the amplifier before the spectral broadening process and by the EDFA which amplifies the waveforms after gating. However as far as the measurement is concerned, this is the spectrum of the source in that waveform period. Also we see that the phase plot deviates slightly from its flat nature at places where the signal spectrum is small; this is likely due to reduced signal to noise ration (SNR) at these points causing extra phase errors. Perhaps a better way to look at the data is to calculate the time domain waveform using the retrieved spectrum and phase. This is shown in Fig. 5(b) . A clean pulse is seen as expected. Also, no satellite pulse is seen which, as discussed earlier, demonstrates high qualtiy single waveform gating and unambiguous single-shot measurement. Figures 5(c) and 5(d) show the retrieved spectrum and phase and the generated time domain waveform for the gated pulse pair whose RF scope trace was shown in Fig. 4(c) . In the spectral domain we see fast variations both in spectral amplitude and phase -no easily discernible pattern exists, but when the time domain waveform is calculated, we see that it agrees very well with what was expected. This gives strong evidence of proper phase retrieval. Another point to note is that in our experiments the pulse at t=0 is left unchanged, while the pulse at t ~ -27ps is modulated. This point is exactly consistent with our waveform retrieval data, which gives additional evidence of correct phase measurement (a delay in time causes a linear spectral phase). amplitude of the earlier, gated pulse is increased relative to the ungated pulse at t=0. The sampling scope trace is shown as the inset in Fig. 5 (f). Excellent waveform retrieval is observed as indicated by the agreement between the calculated time domain waveform and the scope trace. After the waveform generation and gating, the energy in a single gated pulse pair waveform was ~5pJ (for a gated single pulse it was roughly half of that). The spectrometer loss in our setup was around 10 dB which leads to about 500 fJ of signal energy distributed over 400 pixels on the camera (200 pixels per channel). The reference pulse energy was chosen such that the spectral intensity of the reference pulse was at least twice as strong as that of the signal pulse. This condition is necessary for unambiguous retrieval [13] . The efficiency of the camera was around 70% which corresponds to an average of ~6700 photoelectrons from the signal waveform per pixel. The specified noise for the camera is ~600 photoelectrons per pixel. Since this is an interferometric measurement, depending on the coherent sum of the reference waveform and the signal waveform at each pixel (which depends on the phase difference) the SNR varies for different pixels. In cases where the sum is low, the SNR is lower leading to reduced accuracy of measurement. On average we observed an SNR of around 5 (20% contribution by noise) which corresponds to a higher noise contribution than by just considering camera noise. This we believe is due to amplifier ASE noise. Figure 6 shows measurement results with user defined waveforms generated using a lineby-line pulse shaper. The bandwidth in these experiments is around 200GHz limited largely by the bandwidth available in the frequency comb before spectral broadening. Figure 6 (a) shows the retrieved spectral phase (circles) and the applied phase (a quadratic, shown as solid line). Excellent agreement is observed. Figure 6(b) show the retrieved phase when cubic spectral phase is applied. The errors (standard deviation of differences between applied and retrieved phase) are 0.11 π and 0.13 π , respectively. These are only slightly higher than the errors of approximately 0.1 π observed in previous measurements at higher average power in which spectral interferometry data were acquired for static waveforms over multiple waveform periods by integrating over the 1.4 µsec camera integration time (corresponds to >10 4 waveform periods) [13] . 
Results

Summary and future work
In summary, we have used time gated dual-quadrature spectral interferometry to demonstrate for the first time unambiguous single-shot characterization of both spectral amplitude and phase of optical arbitrary waveforms generated by line-by-line pulse shaping of an optical frequency comb. Our experiments accommodate arbitrary waveforms with up to 1 THz optical bandwidth (corresponding to a temporal resolution of 1 ps) and a spectral line spacing of 10 GHz (corresponding to a record length of 100 ps). The sensitivity of our approach together with the ability to measure high complexity optical waveforms offers potential for impact in spectroscopic applications, in communications, and in observation of fast transient phenomena in a variety of fields. Although our current experiments have been performed with a comb generated by direct modulation of a continuous-wave laser, as is becoming increasingly common in telecommunications, our approach is applicable to measurement of optical arbitrary waveforms generated from a variety of other high repetition rate comb sources. These include short pulse coupled optoelectronic oscillators [29] , optical frequency comb generators based on synchronous modulation in an optical cavity [30, 31] , mode-locked lasers externally filtered to obtain high repetition rate [32, 33] , and self-referenced lasers mode-locked directly at high repetition rate [34, 35] . Furthermore, there is no fundamental limitation on the optical bandwidth that can be accommodated. From a practical perspective, generalizing our approach to use two-dimensional disperser geometries [27, 6] compatible with camera technologies comprising hundreds of thousands of detector elements should allow optical arbitrary waveform characterization even for optical arbitrary waveforms with bandwidths approaching the octave regime.
